of the East China Sea, water circulation is strongly influenced by the monsoon winds. During the northeast (NE) monsoon period in winter (September to April), the China Coastal Current brings cold water from the Yellow Sea and the East China Sea into the Taiwan Strait (Lee and Chao, 2003; Liang et al., 2003; Liu et al., 2003; Tseng and Shen, 2003) . This intrusion of cold water masses influences the copepod assemblages in Chinese coastal waters to the south of Fujian (Chen, 1992; Chiu and Chen, 1998) . Cold water species such as Calanus sinicus are common in the Taiwan Strait and the coastal waters of southern China during winter (Hwang and Wong, 2005) . The influence of cold water masses weakens during the summer ( June, July and August) when increasing strength of the southwest (SW) monsoon moves water currents from the northern part of the South China Sea into the Taiwan Strait and influences the hydrography of the seas around Guangdong, Fujian and the west coast of Taiwan (Jan et al., 1995 (Jan et al., , 2002 Liang et al., 2003) .
Danshuei River is the largest river in northern Taiwan. The estuary of the Danshuei River is located in the northwestern tip of Taiwan, between the East China Sea and the Taiwan Strait. Hydrography of the seas around the Danshuei Estuary is influenced by several ocean currents originating from different areas. Water circulation in the area varies seasonally with changes in wind direction (Jan et al., 1995 (Jan et al., , 2002 Lee and Chao, 2003; Liang et al., 2003; Tseng and Shen, 2003) . The Kuroshio Edge Exchange Processes (KEEP), a long-term multidisciplinary project, commenced in the 1990s to study the influences of the Kuroshio Currents on the physical, chemical and biological processes of the East China Sea and vicinity areas (Wong et al., 2000; Liu et al., 2003) . Studies of marine life suggest that the oceans around Taiwan are biologically diverse, comprising about 10% of the world's total marine fauna and including a great number of endemic species (Shao, 1998; Hwang et al., 2000) . Data on the structure and species composition of copepod communities in waters around Taiwan are mainly derived from short-term studies. Tseng (Tseng, 1975) identified 30 genera and 83 species of planktonic copepods from the Danshuei Estuary. Lo et al. (Lo et al., 2004a) found 178 species of copepods in the upwelling waters of northern Taiwan. Other recent studies recorded 113 species in the Taiwan Strait (Shih and Chiu, 1998) , 116 species in the northern parts of the Taiwan Strait and part of the East China Sea (Lan et al., 2004) and 90 species in the southeastern part of the Taiwan Strait (Lo et al., 2004b) . The use of zooplankton community composition as an indicator of the movement of water currents has been attempted using data from short-term studies on copepods (Hsieh et al., 2004) and ichthyoplankton (Chiu and Hsyu, 1994; Chiu and Chen, 1997) . On the basis of these previous studies, we propose and test two main hypotheses in the present paper: (i) the effect of monsoon-driven water currents and Kuroshio Branch Current is seasonal, and the seasonal appearance of certain copepod species is consistent regardless of annual variations and (ii) copepod composition in the coastal area of northwestern Taiwan is affected by both discharge from Danshuei River and water masses driven by monsoon winds. These hypotheses are tested using data collected over a 5-year period on seasonal and annual changes in density and diversity of copepod communities in waters outside the Danshuei Estuary.
M E T H O D Zooplankton sampling
Zooplankton samples were collected seasonally on board the Ocean Research Vessel II at 19 stations in the Danshuei Estuary in northern Taiwan (Fig. 1 ). Sea water temperature and salinity were measured on board using a SeaBird CTD probe. The study comprised a total of 22 sampling cruises and covered a 5-year period from October 1998 to September 2003. Zooplankton samples collected by making surface tows (0-5 m) with a Norpac zooplankton net (0.45 m mouth diameter, 333-mm mesh) were preserved in 5% buffered formalin. In the laboratory, subsamples with 500 specimens were obtained using a Folsom Splitter. Copepods were sorted and identified to species (Chen and Zhang, 1965; Chen et al., 1974; Huys and Boxshall, 1991; Chihara and Murano, 1997) . The original references were consulted if necessary.
Data analysis

Spatial and temporal similarity analyses
Hydrography of the study area is principally influenced by the surrounding oceanic currents. Coastal waters near the mouth of Danshuei River are influenced by river discharge. Both water sources may affect the structure of the copepod community at two different scales. To elucidate the relative importance of spatial and temporal scales in this analysis, we compared the similarities of species composition among stations for each sampling date and also among sampling dates.
For each sampling date, we first computed the centroid vector representing the average composition of species. Then we calculated the different similarity values between the 19 stations and their associated centroid. From the obtained similarity vector, the mean and standard deviation of the similarities were calculated and used for an estimation of spatial heterogeneity. The same procedure was applied by computing the similarities between the remaining samples [19 stations Â (n-1) dates] to compare the obtained spatial heterogeneity to the remaining temporal heterogeneity.
Cluster analysis
To obtain the symmetric normal distribution of our species abundance data, a transformation power was generated by regression coefficients estimated simultaneously using the method of maximizing the log likelihood function (Box and Cox, 1964) . Accordingly, the matrix of abundances composed of samples (418) and species (110) was log transformed [log(x + 1)] before similarity coefficients between samples were computed using the Bray-Curtis similarity coefficient and clustering strategy of flexible links following the procedure of Souissi et al. (2001) .
Characterisation of indicator species for each cluster
The species characterizing each cluster were further identified using the Indicator Value (IndVal) index proposed by Dufrêne and Legendre (1997) . This index is obtained by multiplying the product of two independently computed values by 100:
where SP ðj; sÞ is the specificity and FIðj; sÞ the fidelity of a species (s) toward a group of samples ( j ), and are given by:
where NIðj; sÞ is the mean abundance of species s across the samples pertaining to j, P NIðsÞ is the sum of the mean abundance of species s within the various groups in the partition, NSðj; sÞ is the number of samples in j where species s is present and P NSðsÞ is the total number of samples in that group. The specificity of a species for a group is largest if that species is found only in a particular group. The fidelity of a species to a group is largest if the species is present in all samples of the group considered. To evaluate the copepod assemblages for the sampling period, the analysis of indicator species was applied to each sampling period separately. Moreover, the most indicative species for each season (spring: March-May; summer: June-August; autumn: September-November and winter: December-February) were computed after aggregating the different years. As in Dufrêne and Legendre (Dufrêne and Legendre, 1997) and Souissi et al. (Souissi et al., 2001) , the arbitrary threshold IndVal index of 25% was used for selecting the copepod assemblages.
R E S U L T S Hydrography and water circulation
Monthly averaged sea-surface temperatures obtained from Advanced Very High Resolution Radiometer (AVHRR) for February, April, August and November 2002 are presented in Fig. 2 . The image for February ( Fig. 2A) shows the intrusion of cold water into the Taiwan Strait under the influence of the NE monsoon. Warming of the sea surface to the northwest of Taiwan began in April (Fig. 2B) , and temperature over most of the Taiwan Strait was >288C in August ( Fig. 2C ). Onset of the NE monsoon and cold water intrusion from the north began in November (Fig. 2D ). Sea-surface temperature to the east and southeast of Taiwan was >258C throughout the year due to the influence of the Kuroshio Current.
Seasonal variations in surface temperature and salinity in the study area are shown in Fig. 3 
Copepod communities
A total of 110 species of copepods, including 75 calanoids, 6 cyclopoids, 3 harpacticoids and 26 poecilostomatoids, were recorded during the study (Table I) .
Copepod abundance varied widely throughout the year. Averaged over the 5-year study period, numbers were highest in March, April, June and September and lowest in November and December. Abundance seemed to vary among stations, but no clear trend between onshore and offshore stations was detected. Species that occurred throughout the year and could be found in >75% of the samples included Temora turbinata, Canthocalanus pauper and Subeucalanus subcrassus (Table I) .
Other species exhibited seasonal occurrence. Based on IndVal indices (Table II) , the most indicative species for spring were Paracalanus aculeatus (44.1%), Corycaeus (Ditrichocorycaeus) affinis (40.0%) and Temora discaudata (33.0%). Temora turbinata, a common species in the coastal waters of Taiwan, occurred throughout the year, and its high abundance in the summer allowed it to become the most indicative species for the summer season with an IndVal index of 62.8%. The autumn was characterized by an assemblage of eight species each having an IndVal index >25%, but the most indicative species were Acrocalanus gibber (72.2%), Subeucalanus subcrassus (43.4%) and C. pauper (42.5%). The winter assemblage was characterized by Euchaeta concinna (58.5%), Calanus sinicus (55.1%) and Scolecithricella longispinosa (33.8%).
Spatial and temporal patterns of copepod communities
Spatial heterogeneity measured by the average Bray-Curtis similarity was consistently lower than temporal heterogeneity (Fig. 4) . In other words, the average similarity between stations in a single sampling date was higher than the average similarity between all sampling dates. Samples collected in March 2000 exhibited the lowest spatial heterogeneity and the highest temporal heterogeneity compared to other samples. This result further implies that the copepod community in March 2000 was atypical among those observed in the study area during the course of the 5-year survey. According to the importance of temporal variability, we performed cluster analysis on all sampling stations during the study period to elucidate the seasonal and inter-annual variability of the copepod assemblages. Cluster analysis revealed high inter-annual variability ( Fig. 5 and Table III ). The first hierarchical level separated the cold water assemblages with mean temperature of 20.08C (cluster I) from the other assemblages (cluster II). The second hierarchical level distinguished an assemblage of species in September 2003 (cluster IIa). The tropical origin of this assemblage was indicated by its association with high water temperature (29.18C). Cluster I was further divided into two assemblages: very low temperature (14.48C) species in cluster Ia and species inhabiting average water temperature (21.18C) in cluster Ib. The next hierarchical levels showed clusters combining several months, seasons and years. Average water temperature of these assemblages varied JOURNAL OF PLANKTON RESEARCH j VOLUME 28 j NUMBER 10 j PAGES 943-958 j 2006 between 24.38C [cluster IIb(2)b] and 25.68C [cluster IIb(2)a]. Several species, including T. turbinata and C. pauper, which are common in coastal waters of northern Taiwan, were prominent throughout the years (see Tables III and IV) .
Indicator species for cluster I included P. aculeatus, C. sinicus, E. concinna and S. longispinosa (Table IV) . Calanus sinicus was common in December 1998, February 1999 and March 2000 when water temperature was <208C (Table V) . Paracalanus aculeatus was abundant in March 2000 when water temperature was 14.48C (Table V) . Temora turbinata and A. gibber occurred in August 1999 , September 2002 and September 2003 when water temperature was >28.08C (Table V) . 
D I S C U S S I O N
The island of Taiwan is surrounded by several large water masses (Wong et al., 2000; Liu et al., 2003) , and its marine fauna is enriched by the introduction of temperate and subtropical species from the north and tropical species from the south (Chiu and Hsyu, 1994; Chiu and Chen, 1998; Shih and Chiu, 1998; Hwang et al., 2000; Hwang and Wong, 2005) . A year-round northward flow of the Kuroshio Current provides a continuous contribution to the marine biodiversity of eastern Taiwan. To the north and west of Taiwan, the NE monsoon acts as the primary driving force for the introduction of species from the Bohai Sea, the Yellow Sea and the East China Sea into the Taiwan Strait during the winter (Chen, 1992; Hwang and Wong, 2005) . To the south of Taiwan, the SW monsoon provides another possible mechanism for the introduction of species from the South China Sea during the summer (Chen, 1992; Hwang et al., 2003; Liu et al., 2003) . Some investigators have estimated that $10% of the world's marine animal species can be found in waters around Taiwan (Shao, 1998; Hwang et al., 2000) . Shih and Young (Shih and Young, 1995) have reviewed the published records of 431 species of copepods from the marginal seas of China, including those surrounding Taiwan. Our study area in the estuary of Danshuei River was close to the discharge point of the sewage treatment plant at Pa-Li, Taipei County, but the copepod diversity was still relatively high. The China Coastal Current, the Kuroshio Branch Current and the South China Sea Surface Current have major impact on the abundance and diversity of biotic communities in this region (Shih and Chiu, 1998; Hsieh et al., 2004; Lan et al., 2004; Lo et al., 2004b; Hwang and Wong, 2005) . All three currents are driven by the monsoon system. From late autumn to early spring (November to March), the NE monsoon drives water masses from the East China Sea towards the Taiwan Strait, resulting in the obstruction of the northflowing Kuroshio Current at the Changyun Ridge. The Kuroshio Current can flow over the Changyun Ridge and impact the northern part of the Taiwan Strait only when the NE monsoon begins to subside in spring. Calanus sinicus and E. concinna, two winter species with higher index value for winter, originate from the East China Sea (Chen, 1992; Hwang and Wong, 2005) . Under the influence of the SW monsoon, the South China Sea Surface Current moves northward toward our study area during summer in place of the Kuroshio Branch Current (Liang et al., 2003; Tseng and Shen, 2003) . The zooplankton communities in the boundary water are unique and complex as a result of the collective impacts of these three water circulations Hwang et al., 1998; Shih and Chiu, 1998; Hwang and Wong, 2005) .
In the present study, 110 species of copepods were found in the surface waters of the Danshuei Estuary. The copepod assemblages were dominated by five species (T. turbinata, P. aculeatus, A. gibber, Parvocalanus crassirostris and Oithona rigida), which comprised 80% of the copepod populations collected during the 5-year study period. It should be noted that these results account for only surface waters between 0 and 5 m in depth. A review of the literature on copepods in the East China Sea yielded 325 species (Shih and Young, 1995) . Together with results presented in this study, it can be concluded that most of the copepod species in the surface waters of the East China Sea region are rare species. Apart from the five most abundant species, most of the other species were found in low numbers (Table I) . A recent study in an upwelling ecosystem showed that many copepod species stay in deep waters (Lo et al., 2004a) . Similarly, a study of copepods in the coral reef ecosystems in Ken-tin, southern Taiwan, revealed that many species never migrate to the surface (Kao, 2003) . JOURNAL OF PLANKTON RESEARCH j VOLUME 28 j NUMBER 10 j PAGES 943-958 j 2006 In the past decade, several long-term studies on water circulations, carbon flux, primary production, bacterial production (Wong et al., 2000; Liu et al., 2003) and ichthyoplankton distribution (Chiu and Hsyu, 1994) have been performed in waters around Taiwan. Studies on copepods have been short-term investigations with emphasis on distribution and abundance (Lan et al., 2004; Lo et al., 2004b) , feeding ecology (Wu et al., 2004) , taxonomy of new species (Chen and Hwang, 1999; Chen et al., 2004; Hsiao et al., 2004; Ho and Lin, 2005) , vertical migration in upwelling waters (Lo et al., 2004a) , lagoon ecology (Lo et al., 2004c) and harbor ecology (Chang and Fang, 2004) . Throughout the 5-year sampling period, we observed a consistent (Chen, 1992) . Among these five dominant species, P. aculeatus and A. gibber are characteristic of the Kuroshio Current, whereas P. crassirostris, T. turbinata and O. rigida are common in coastal waters. The presence of these three species confirms the prevalence of warm water coastal species in these boundary waters (Chen, 1992) . It must be noted that most of the common copepod species found in the present study except C. sinicus belong to warm-water species according to ecological classifications proposed by some investigators (Hirakawa et al., 1990; Takahashi and Hirakawa, 2001) .
Our 5-year data also reveal that some copepod species can be used as indicator species of water masses. The role of copepods as indicators of various abiotic factors such as intrusion of water currents, salinity and temperature has been well established (Paffenhöfer and Flagg, 2002; Peterson and Keister, 2003; Hsieh et al., 2004) . In our study, the indicator species for cluster I included C. sinicus, E. concinna, S. longispinosa and P. aculeatus (Table IV) . All species in this cluster except P. aculeatus are indicators of the winter season. Euchaeta concinna was the species with the highest indicator value for winter (58.5%). Calanus sinicus with an indicator value of 55.1% is an ecologically important copepod species. It is restricted to the marginal seas of the western North Pacific Ocean (Hulsemann, 1994) and is a dominant species in the Yellow Sea and the East China Seas (Chen, 1964) . The range of C. sinicus extends into the South China Sea in winter when the NE monsoon prevails (Hwang and Wong, 2005; Zhang et al., 2005) . The present study provides information on copepod distribution through time. The dominant copepod species are important food sources for fish (Chiu and Hsyu, 1994) and are likely to play a pivotal role in the transfer of matter and energy in the boundary waters between the East China Sea and the Taiwan Strait. Additionally, an interesting observation derived from the values of the IndVal indices of several copepod species for various seasons is that the effect of river discharge in the boundary waters is largely masked by the intruding water masses. Long-term study of copepod communities will provide important information for marine scientists who study and model physical and biological coupling processes in international research programs such as GLOBEC and JGOFS.
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